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Despite over one hundred years of research, the
duplication of the centrosome is a poorly understood
process. Three recent papers — exploring three different
kinases — may have provided the answer.
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The ultimate purpose of mitosis is the generation of genet-
ically identical daughter cells. All chromosomes are repli-
cated during S phase, and the resulting pairs of sister
chromatids must be segregated equally during mitosis. The
fidelity of this process depends on the assembly of a strictly
bipolar mitotic spindle. This essential ‘twoness’ within the
mitotic cell is dependent upon the reproduction or duplica-
tion of the centrosome [1]. In higher animal cells, the cen-
trosome is an organelle that consists of a pair of centrioles
surrounded by a matrix of pericentriolar material which
contains the γ-tubulin ring complexes that nucleate micro-
tubules during interphase and mitosis (reviewed in [2]). 
The duplication of the interphase centrosome occurs only
once per cell cycle (reviewed in [3]). If the centrosome
fails to duplicate, the cell forms a monopolar spindle, does
not divide and becomes polyploid. More than one duplica-
tion of the centrosome can lead to the assembly of a
multipolar spindle, and the chromosomes may become
unequally distributed to the daughter cells. In either case,
mistakes in centrosome reproduction can lead to the
genomic instability that is characteristic of the cells of
many aggressive human cancers (reviewed in [4]). Spindle
multipolarity is a particularly intractable problem because
cells have neither a way to eliminate extra centrosomes nor
a checkpoint that aborts mitosis in response to extra
spindle poles [5].
In order to ensure that only one new centrosome assem-
bles per cell cycle, the cell must tightly coordinate the
events of centrosome duplication with the cycle of nuclear
replication and division. Within the past two years a number
of studies have revealed that DNA replication and centro-
some duplication share a common regulatory pathway: the
rise in the activity of cyclin-dependent kinase 2 (Cdk2)
complexed with cyclin E [6–8], or cyclin A for some cultured
cells [9]. Cdk2 activity increases in late G1 and persists into
the beginning of S phase. These are times when daughter
centrioles are first assembled at the proximal end of each
mature or parent centriole [10]. While these studies indi-
cated that Cdk2 activity is required for centrosome repro-
duction, they did not reveal whether Cdk2 acts directly on
centrosomes, or indirectly through other pathways. Two
recent studies [11,12] have addressed this question: the
answer appears to be both.
The first study, by Okuda et al. [11], provided a significant
advance in our understanding of how the cyclin dependent
kinase 2–cyclin E complex (Cdk2-E) acts to control
centrosome duplication, by identifying one of the centro-
somal substrates for Cdk2-E. The authors began by isolat-
ing unreplicated centrosomes from G0 cells, and then
subjected them to in vitro phosphorylation by purified
Cdk2-E. A single phospho-polypeptide was isolated and
analyzed by mass-spectroscopy. It was found to be a pre-
viously identified component of the nucleolus: nucleo-
phosmin [13]. Immunofluorescence analysis of Swiss 3T3
cells revealed that nucleophosmin localizes to un-duplicated
centrosomes but is not found on centrosomes after dupli-
cation. Later, when the cells are in mitosis, nucleophosmin
is again observed at the centrosomes (also see [14]). Con-
ceivably, phosphorylation of other sites on this protein by
the mitotic kinase Cdk1–cyclin B [15] could cause nucleo-
phosmin to re-bind to the centrosome during M phase. 
Importantly, Okuda et al. [11] found that expression of
a non-phosphorylatable form of nucleophosmin blocked
the duplication of centrosomes, as did the microinjection
of antibodies to nucleophosmin. Electron microscopy of
cells expressing the non-phosphorylatable nucleophosmin
revealed that the centrioles had not split apart. Thus, it
appears that nucleophosmin associates with centrosome
during mitosis and thereby prevents centriole splitting and
duplication until late G1, when Cdk2-E activity rises in
preparation for S phase. This is followed by the assembly
of procentrioles and hence reproduction of the centro-
some. Thus, the Cdk2-E phosphorylation of nucleophos-
min directly coordinates the start of centrosome duplication
with DNA synthesis (Figure 1).
In the second study, Fisk and Winey [12] demonstrate the
importance of mMps-1p (also known as mouse Esk protein
kinase) in the duplication of the mammalian centrosome.
This is the mouse ortholog of the yeast kinase Mps-1p,
originally identified as an essential protein kinase involved
in the duplication of the spindle pole body, the yeast
equivalent of the centrosome [16]. Mps-1p is also involved
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in the function of the spindle assembly checkpoint in
yeast, and Abrieu et al. [17] have recently shown that this
kinase also has a role in the mammalian spindle assembly
checkpoint. Fisk and Winey [12] found that, in mouse
cells, antibodies to mMps-1p decorate centrosomes through-
out the cell cycle and kinetochores during mitosis. That
these localizations reflect the true in vivo distributions of
the kinase was confirmed by examining stable cell lines
expressing a GFP–mMps-1p fusion.
The functional experiments carried by Fisk and Winey
[12] have shown that mMps-1p kinase activity is required
for centrosome duplication. By correlative light and serial-
section electron microscopy they found that the over-
expression of mMps-1p (with or without GFP) during
S phase arrest caused the repeated duplication of cen-
trosomes and their centrioles. Importantly, S phase arrest
alone, without mMps-1p overexpression, does not cause
centrosome reduplication. Furthermore, expression of a
kinase-inactive point mutant form of mMps-1p blocked
centrosome duplication, even though it still localized to
the centrosomes. 
In a surprising twist, Fisk and Winey [12] went on to
demonstrate that Cdk2 kinase activity is required for
mMps-1p-dependent centrosome duplication by stabiliz-
ing mMps-1 protein levels. When Cdk2-E activity was
blocked by drug treatments or by overexpression of the
Cdk inhibitors p21 or p27, the cellular level of mMps-1p
dramatically dropped and its localization to the centrosome
was lost. This stabilization of mMps-1p by Cdk2 activity is
another, albeit indirect, way for the cell to ensure that cen-
trosome duplication is coordinated with S phase (Figure 1).
It is still too early to know how nucleophosmin phosphory-
lation and mMps-1p kinase activity fit together into the
sequence of events involved in centrosome duplication.
Fisk and Winey [12], though open to several possibilities,
suggest that mMps-1p could act downstream of nucle-
ophosmin phosphorylation and its release from the
centrosome. Perhaps the dissociation of nucleophosmin
from the centrosome uncovers sites for phosphorylation by
mMps-1p that are needed for reproduction to continue. 
While these papers have focused on mammalian somatic
cells, much of our knowledge about centrosome repro-
duction has come from live-cell studies of early cleavage
stage zygotes. In a third paper, O’Connell et al. [18] have
added modern genetics to this classical approach. Using
the nematode Caenorhabditis elegans, they have character-
ized Zyg-1 — a novel kinase required for centrosome
duplication. Previous analysis of zyg-1 mutant embryos
revealed a defect in cell division characterized by the
failure to form a bipolar spindle, even though cell-cycle
progression appeared normal [19]. In the present study
[18], the authors found that this was due to the assembly
of a monopolar spindle at mitosis. 
To investigate the basis for this surprising result,
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Schematic drawing of the cycle of centrosome reproduction in animal
cells. The centrosome is represented as two blue rectangles (the
centriole pair). In G0, the centrosome is unduplicated and is decorated
with nucleophosmin (red stars). As the cell cycle proceeds through G1
into S phase, Cdk2–cyclin E phosphorylates nucleophosmin, causing
its release from the centrosome and the splitting of the daughter
centrioles. In addition, Cdk2–cyclin E activity stabilizes Mps-1, which is
required for the centrosome to reproduce. In G2, the pair of duplicated
centrosomes disjoin and separate to fom the poles of the mitotic
spindle. These spindle poles re-acquire nucleophosmin during M phase
(red stars), perhaps in response to Cdk1–cyclin B activity. Finally, the
cell exits mitosis and the centrosome cycle begins again.
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using sperm or eggs homozygous for what are essentially
null alleles of zyg-1. They then analyzed the resultant
mutant embryos by time-lapse videomicroscopy and cor-
relative thin-section electron microscopy. Paternal zyg-1 is
required for the assembly of a centriole pair during sper-
matogenesis. In male mutants, this fails, and wild-type
eggs fertilized with mutant sperm receive a single centri-
ole (Figure 2). During the first cell cycle, this centriole
duplicates — in response to maternal Zyg-1 activity — and
forms a single centrosome with a pair of centrioles, and a
monopolar spindle results. During the second cell cycle,
this centrosome duplicates normally, and the subsequent
division is bipolar. Mutant eggs fertilized with wild-type
sperm receive a pair of centrioles (Figure 2). During the
first cell cycle, these centrioles split apart, but fail to dupli-
cate because of the lack of maternal Zyg-1 kinase activity.
This gives rise to a bipolar spindle, with each pole contain-
ing a single centriole. At the two-cell stage, these single
centrioles again cannot reproduce, and the subsequent
mitotic spindles are both monopolar.
Immunofluorescence microscopy revealed that the Zyg-1
kinase transiently localizes to the centrosome in C. elegans
cells in late mitosis, but is totally absent from centrosomes
during interphase. As centrosome duplication normally
begins sometime in late G1 or early S phase in somatic
cells, such localization of Zyg-1 only during mitosis sug-
gests it may function to prepare the centrosome to dupli-
cate prior to the actual onset of centrosome reproduction.
It is also possible, however, that Zyg-1 activity and centro-
some reproduction overlap, because S phase in the early
C. elegans zygote begins immediately after the completion
of mitosis [20]. In this case, Zyg-1 kinase activity would be
directly involved in centriole replication. Either way, it
will be interesting to determine whether other organisms
have functional homologs of Zyg-1.
In summary, the combined results of the three recent
studies discussed above [11,12,18] are clear: three kinases
give centrosomes the winning combination.
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